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ARTICLE OPEN
Elementary excitation in the spin-stripe phase
in quantum chains
Matej Pregelj1, Andrej Zorko 1, Matjaž Gomilšek 1,2, Martin Klanjšek 1, Oksana Zaharko3, Jonathan S. White 3,
Hubertus Luetkens4, Fiona Coomer5, Tomislav Ivek6, David Rivas Góngora6, Helmuth Berger7 and Denis Arčon 1,8
Elementary excitations in condensed matter capture the complex many-body dynamics of interacting basic entities in a simple
quasiparticle picture. In magnetic systems the most established quasiparticles are magnons, collective excitations that reside in
ordered spin structures, and spinons, their fractional counterparts that emerge in disordered, yet correlated spin states. Here we
report on the discovery of elementary excitation inherent to spin-stripe order that represents a bound state of two phason
quasiparticles, resulting in a wiggling-like motion of the magnetic moments. We observe these excitations, which we dub
“wigglons”, in the frustrated zigzag spin-1/2 chain compound β-TeVO4, where they give rise to unusual low-frequency spin
dynamics in the spin-stripe phase. This result provides insights into the stripe physics of strongly-correlated electron systems.
npj Quantum Materials            (2019) 4:22 ; https://doi.org/10.1038/s41535-019-0160-5
INTRODUCTION
The concept of elementary excitations provides an elegant
description of dynamical processes in condensed matter.1 Its use
is widespread and represents the theoretical foundation for our
understanding of vibrational motions of atoms in crystals as
phonons,1 the excitations of the valence electrons in metals as
plasmons,2 the bound states of an electron and an electron hole in
semiconductors as excitons,3 etc. In magnetic systems, this
approach inspired the spinon picture of fractional excitations in
spin liquids,4 the phason description of the modulation-phase
oscillations in amplitude modulated structures,5 and the magnon
picture of collective spin excitations in ordered states.6 The latter
led to further intriguing discoveries, including longitudinal Higgs
modes in two-dimensional antiferromagnets7 and magnon bound
states in ferromagnetic spin-1/2 chains.8 Yet, for systems where
several order parameters interact, the elementary excitations
remain mysterious. A prominent example are the elusive
excitations that cause the melting of charge-stripe order in high-
temperature superconductors9–15 and promote enigmatic charge
ﬂuctuating-stripe (nematic) states.14–16
Here we study elementary excitations of the spin-stripe phase in
the frustrated spin-1/2 chain compound β-TeVO4,
17–23 which
contains localized V4+ (S= 1/2) magnetic moments.19,22 This
intriguing order involves two superimposed orthogonal incom-
mensurate amplitude-modulated magnetic components with
slightly different modulation periods (Fig. 1a), corresponding to
two magnetic order parameters, that result in a nanometer-scale
spin-stripe modulation.19 We show that in the low-frequency
(megahertz) range this, otherwise long-range-ordered state, is in
fact dynamical due to the presence of a low-energy excitation
mode that results from the binding of two phasons from the two
orthogonal magnetic components. This type of elementary
excitation, which we dub a “wigglon”, is inherent to the spin-
stripe order (Fig. 1) and provides insights into the dynamics of
stripe phases that may be found when there are two or more
order parameters coupled together.
The peculiar spin-stripe order in β-TeVO4 evolves from a spin-
density-wave (SDW) phase, which develops below TN1= 4.65K and
is characterized by a single collinear incommensurate amplitude-
modulated magnetic component (Fig. 1a). On cooling, a second
superimposed incommensurate amplitude-modulated compo-
nent with a different modulation period and orthogonal polariza-
tion emerges (Fig. 1a) at TN2= 3.28K and the spin-stripe order is
formed. Finally, at TN3= 2.28K the modulation periods of the two
incommensurate amplitude-modulated components become
equal and a vector-chiral (VC) phase (Fig. 1a) is established. For
frustrated spin-1/2 chains with ferromagnetic nearest-neighbor
and antiferromagnetic next-nearest-neighbor exchange interac-
tions, which in β-TeVO4 amount to J1 ≈−38K and J2 ≈−0.8 J1,
respectively,19 the SDW and VC phases are predicted theoreti-
cally,24,25 while the intermediate spin-stripe phase is not. The
formation of the latter has been associated with exchange
anisotropies and interchain interactions,19,22 but still awaits a
comprehensive explanation.
RESULTS
We explore the spin dynamics in these phases by employing the
local-probe muon-spin-relaxation (μSR) technique, which is
extremely sensitive to internal magnetic ﬁelds and can distinguish
between ﬂuctuating and static magnetism in a broad frequency
range (from ~100 kHz to ~100 GHz).26 We used a powder sample
obtained by grinding single crystals (see Methods) to ensure that
on average 1/3 of the muon polarization was parallel to the local
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magnetic ﬁeld. In the case of static local ﬁelds, Bstat, the
corresponding 1/3 of the total muon polarization is constant,
resulting in the so-called “1/3-tail” at late times in the μSR signal.26
The remaining muon polarization precesses with the angular
frequency γμBstat (γμ= 2π × 135.5 MHz/T), leading to oscillations in
the time dependence of the μSR signal around the “1/3-tail”.26
(See Supplementary information for details on μSR analysis,
Ginzburg-Landau modeling, dielectric and high-resolution
inelastic-neutron-scattering measurements, which also includes
refs. 27–31) The only way for the muon polarization to relax below
1/3 at late times is thus provided by dynamical local ﬁelds.
At T= 4.7K > TN1, the measured μSR polarization decays
monotonically (Fig. 2a), as expected in the paramagnetic state
where ﬂuctuations of the local magnetic ﬁelds are fast compared
to the muon lifetime.26 The muon relaxation curve changes
dramatically at TN1 (Fig. 2b), where the polarization at early times
suddenly drops, reﬂecting the establishment of static internal
ﬁelds in the SDW phase. The corresponding oscillations are
severely damped, i.e., only the ﬁrst oscillation at t < 1 μs can be
clearly resolved (Fig. 2b), which indicates a wide distribution of
Bstat, a hallmark of the incommensurate amplitude-modulated
magnetic order. Clearly, in β-TeVO4, this static damping is
sufﬁciently strong that the μSR signal beyond ~1 μs can be
attributed solely to the “1/3-tail”. The latter notably decays (Fig.
2b), which proves that the local magnetic ﬁeld is still ﬂuctuating,
as expected for incommensurate amplitude-modulated magnetic
structures.32 Remarkably, below TN2, in the spin-stripe phase, the
“1/3-tail” is dramatically suppressed and the oscillation is lost (Fig.
2c), revealing a signiﬁcant enhancement of local-ﬁeld ﬂuctuations.
This indicates that the system enters an intriguing state that is
completely dynamical on the μSR timescale. Finally, below TN3 the
slowly-relaxing “1/3-tail” and the oscillation reappear (Fig. 2d),
corroborating the establishment of a quasi-static VC state with
almost fully developed magnetic moments.
To quantitatively account for the μSR signal we model the μSR
polarization over the whole temperature range as a product of the
two factors
PðtÞ ¼ 13þ 23 cosðγμBstattÞeðγμΔtÞ
2=2
h i
eðλtÞ
α
: (1)
The exponential in the ﬁrst factor in Eq. (1) accounts for the
muon relaxation due to a Gaussian distribution of static magnetic
ﬁelds with a mean value Bstat and a width Δ. Since oscillations of
the μSR polarization are almost completely damped already after
the ﬁrst visible minimum, the parameters Bstat and Δ must be
comparable. Indeed, the best agreement with experiment was
achieved for Δ/Bstat= 1.25(1) (Figs 2a–d), which was kept ﬁxed for
all temperatures. The second factor in Eq. (1) is the stretched-
exponential function that describes the decay of the “1/3-tail” due
to additional local magnetic-ﬁeld ﬂuctuations. Here, λ is the mean
relaxation rate while α is the stretching exponent accounting for a
distribution of relaxation rates.33
The results of our ﬁts of the μSR data to Eq. (1) are summarized
in Fig. 2. Bstat (Fig. 2e) grows from zero at TN1 to 9(1) mT at TN2,
which is a value of dipolar ﬁelds typical encountered by muons in
spin-1/2 systems.26 In the spin-stripe phase, Bstat slightly
decreases, while below TN3 it starts growing again and reaches a
15(1) mT plateau at the lowest temperatures. On the contrary, the
relaxation rate λ does not change signiﬁcantly throughout the
SDW phase, but it escalates by more than an order of magnitude
below TN2, i.e., in the spin-stripe phase. Below TN3, however, it
reduces and resumes following the same linear temperature
dependence (solid lines in Fig. 2f) as in the SDW phase. This is a
characteristic of the persistent spin dynamics34 of the disordered
part of the magnetic moments in amplitude-modulated magnetic
structures.32 As these ﬂuctuations are fast compared to the muon
precession, i.e., they do not suppress the minimum in the μSR
signal described by the ﬁrst factor in Eq. (1), one can assume that
λ= 2γ2μB
2
dyn/νdyn,
26 where Bdyn is the size of the ﬂuctuating ﬁeld
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and νdyn is the corresponding frequency. Considering that in
amplitude-modulated magnetic structures Bdyn is comparable to
Bstat, we can estimate that νdyn ranges between 0.1 and 1 GHz (Fig.
1b). Finally, the stretching exponent α in the SDW and VC phase
(Fig. 2g) amounts to 0.43(5) and 0.25(2), respectively, as expected
for broad ﬂuctuating-ﬁeld distributions in the incommensurate
amplitude-modulated magnetic structures.32
While the μSR response in the SDW and VC phases is within
expectations, the spin-stripe phase shows a surprising enhance-
ment of λ (Fig. 2f) and α (Fig. 2g) that reﬂects the severe decay of
the “1/3-tail” in this phase (Fig. 2c). This clearly demonstrates the
appearance of an additional relaxation channel that is related to
the spin-stripe order only. Moreover, the increase of λ is
accompanied with the loss of the oscillation in the μSR signal,
which indicates that the corresponding ﬂuctuations are associated
with the ordered part of the magnetic moments. To account for
these experimental ﬁndings we introduce the dynamics of the
magnetic order into our minimal model of Eq. (1) via the strong
collision approach.26 Namely, we assume that in the spin-stripe
phase the static ﬁelds derived for the SDW phase ﬂuctuate with a
single correlation time 1/νstripe, where νstripe is the ﬂuctuating
frequency, and numerically calculate the resulting muon polariza-
tion function in a self-consistent manner. Indeed, the resulting
muon polarization function Pstripe(t), (see Supplementary informa-
tion, which also includes refs. 27–31) with all other parameters ﬁxed
to the values derived for the SDW phase, explains the response of
the μSR signal throughout the spin-stripe phase (see Supplemen-
tary information). The derived temperature dependence of νstripe
exhibits a continuous increase from 0.5(5) MHz at TN2 to 7.3(5)
MHz at TN3 (Fig. 1b).
To further investigate the relation between the spin-stripe order
witnessed previously by neutron diffraction19,22 and the stripe
dynamics observed by μSR, we performed additional neutron
diffraction measurements (see Methods). We measured the
temperature dependence of the strongest magnetic reﬂection
and its satellites (Fig. 3a), the latter being associated with the
orthogonal b magnetic-moment component (Fig. 1a)22 that
emerges at slightly different wave vectors, shifted by ±Δk from
the main magnetic wave vector k.19 The intensity of an individual
magnetic reﬂection, scales with the square of the corresponding
order parameter σk=Mk/μB, where Mk denotes the sublattice
magnetization component associated with k and μB is the Bohr
magneton.22 This allows for the comparison of νstripe(T) with the
temperature evolution of F4  σ2kσkþΔkσkΔk , i.e., the lowest-
order term in the magnetic free energy that couples all magnetic
components with different modulation periods (k, k+Δk, and
k−Δk).22 We ﬁnd a very good correspondence (Fig. 1b), which
conﬁrms a direct link between the formation of spin stripes and
the remarkable low-energy excitations found in this state.
DISCUSSION
To put the observed excitations into context in terms of frustrated
quantum-spin chains, we plot a schematic temperature–frequency
diagram of excitations in β-TeVO4 in Fig. 1b. At the lowest
energies, we ﬁnd dielectric dynamics, which peaks at ~0.4 MHz
and is most pronounced in the multiferroic VC phase (see
Supplementary information for complementary dielectric mea-
surements). These are followed by strong νstripe ﬂuctuations, which
emerge at TN2 and reach a maximum of 7.3(5) MHz close to the TN3
transition, after which they disappear. The persistent spin
dynamics, which can be signiﬁcantly enhanced in frustrated
spin-1/2 systems due to quantum effects, exhibits even faster
ﬂuctuations at 0.1–1 GHz. The collective magnon excitations,
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determined by the main exchange interactions Ji (i= 1,2), develop
in the VC phase above the gap, most likely induced by spin–orbit
coupling, which is also responsible for exchange anisotropy, i.e., at
frequencies of 0.1–1 THz.23 (See Supplementary information for
details on high-resolution inelastic-neutron-scattering measure-
ments.) The diagram is completed by spinon excitations, which
form a continuum extending up to ~πJiσ
2,35 in this case up to
~3 THz.23
Next, we try to identify the physical mechanism responsible for
the unusual spin-stripe excitations. Among numerous experimen-
tal and theoretical studies of spin chains, considering different
J1/J2 ratios in an external magnetic ﬁeld
24,25,36 as well as in the
presence of magnetic anisotropy37–39 and interchain interac-
tions,40–42 there appears to be no record of multi-k magnetic
structures that would resemble the spin-stripe order observed in
β-TeVO4, nor its associated excitations. Moreover, if persistent spin
dynamics or any other low-energy excitation inherent to the SDW
(or VC) phase, e.g., phasons,5,38 were also primarily responsible for
the spin relaxation in the spin-stripe phase, there should be no
signiﬁcant difference between the SDW (or VC) and spin-stripe
dynamics. Contrary to this, spin dynamics in the spin-stripe phase
is completely different from the other ordered phases, as
evidenced by the drastically enhanced muon-spin relaxation rate
(Fig. 2). Further comparison with dynamical processes in spin
systems that do develop multi-k magnetic structures, e.g.,
skyrmion phases,43 does not reveal any similarity either. Namely,
in contrast to our case, in such systems spin dynamics are typically
driven either by very slow domain ﬂuctuations in the range
between 1 Hz to 1 kHz,44 or stem from much faster collective
breathing, magnon or even electromagnon excitations in the GHz
range.45–47 Finally, dynamics in alternating patterns of spin and
charge stripes in oxides was found between 1 and 100 GHz.48 To
summarize, there exists no report of electron spin dynamics in the
mid-frequency (MHz) range, as observed in β-TeVO4. Such
dynamics, therefore, seems to originate from the peculiarities of
the spin-stripe phase, which are also responsible for the
remarkable coincidence of the νstripe(T) and F4(T) dependences
(Fig. 1b).
To explain the sequence of the magnetic transitions as well as
to clarify the existence of the spin-stripe phase and its
corresponding excitations we undertake a phenomenological
approach based on the classical Ginzburg–Landau theory of phase
transitions. We construct the following expression for the
magnetic free energy
F ¼ A1 T=TN1  1ð Þσ2k þ A2 T=TN2  1ð Þσ2kþΔk
þ B1σ4k þ B2σ4kþΔk þ C 1 Δqð Þ2σ2kþΔk þ F4;
(2)
F4 ¼ Dþ Ef ðσk; σkþΔkÞΔq2
 
σ2kσkþΔkσkΔk; (3)
where Ai, Bi (i= 1, 2), C, D, and E are scaling constants. The ﬁrst
four terms in Eq. (2) describe the evolution of two independent
magnetic order parameters σk and σk+Δk that emerge at TN1 and
TN2, respectively. The ﬁfth term represents exchange anisotropy
that is responsible for a different magnetic wave vector for the
σk+Δk component, i.e., favoring Δq= Δk/Δk0 ≠ 0, where Δk0 
ΔkðTN2Þ represents the discrepancy between the native magnetic
wave vectors for the σk+Δk and σk components. The F4 term is
associated with the coupling between the two order parameters
and favors fully developed magnetic moments, i.e., it acts against
the discrepancy between the two modulation periods (Δq→ 0).
The function f(σk, σk+Δk) accounts for the size limitation of the V
4+
S= 1/2 magnetic moments and thus smoothly changes from 0 to
1, when
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ2k þ σ2kþΔk
q
exceeds the limiting value (see Supple-
mentary information). Considering σkΔk 
ﬃﬃﬃﬃﬃﬃ
0:2
p
σkþΔk (Fig. 3 and
ref. 19), the minimization of Eq. (2) with respect to Δq, σk and σk+Δk
(see Supplementary information) returns the corresponding
temperature dependences (Fig. 3b, c) that almost perfectly
describe the observed behavior. In particular, we ﬁnd that in the
vicinity of the paramagnetic phase, where ordered magnetic
moments are still small, a sizable exchange anisotropy can impose
different modulations for different magnetic-moment compo-
nents through the C term. On cooling, however, the ordered
magnetic moments increase, causing the F4 term to prevail and
thus to stabilize the VC phase with Δq= 0 below TN3. Finally, the
derived parameters allow us to calculate the temperature
dependence of the F4 term. Comparison of the derived
temperature dependence F4(T) with experimentally determined
νstripe(T), i.e., assuming that hνstripe= c|F4|, where h is the Planck
constant, we obtain a very good agreement for c= 0.7 (Fig. 1b),
corroborating the connection between the F4 term and the νstripe
dynamics.
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Having established the intimate relation between low-
frequency excitations and the spin-stripe phase, the open
question that remains concerns the microscopic nature of the
spin-stripe excitation mode. In contrast to ordinary magnon and
spinon modes, these excitations arise from a fourth-order free-
energy term that couples magnetic components with different
modulation periods (Fig. 1a). Higher-order terms in the free energy
impose an interaction between the basic elementary excita-
tions.8,49,50 The observed excitations are thus most likely bound
states of two elementary excitations of the incommensurate
amplitude-modulated magnetic components. The latter may
either be two phasons, i.e., linearly dispersing zero-frequency
Goldstone modes that change the phase of the modulation,5,51
two amplitudons, i.e., high-frequency modes that change the
amplitude of the modulation,5 or a combination of the two. Given
that νstripe is very small compared to the exchange interactions,
the spin-stripe excitation is most likely a two-phason bound mode
that has minimal energy at a certain wave vector kstripe (Fig. 4a).
Since kstripe, in principle, differs from both k and k ± Δk, the bound
mode imposes additional expansion and contraction of the
modulation periods on top of the phase changes induced by
individual phasons (Fig. 4b). Consequently, positions, sizes and
orientations of maxima in the magnetic structure exhibit
completely different time dependences than for individual phason
(Fig. 4c), resulting in a wiggling-like motion of the magnetic
moments (see simulations in Supplementary Videos 1 and 2).
Hence, we dubbed this type of spin-stripe excitations “wigglons”.
Moreover, the corresponding amplitude variation is reminiscent of
the longitudinal (amplitude) Higgs mode in the Ca2RuO4 antiferro-
magnet, which has also been found to decay into a pair of
Goldstone modes.7 Finally, we point out that “wigglon” dynamics
in the spin-stripe phase of β-TeVO4 might share similarities with
ﬂuctuating-charge-stripe phases,13,14 where the nematic response
is ascribed to fast stripe dynamics.16
Our results reveal an intriguing spin-only manifestation of
ﬂuctuating-stripe physics, which has, so far, been studied exclusively
in the context of nematic phases in high-temperature
superconductors. We show that β-TeVO4 displays an intriguing
spin-stripe order, which, due to a slow wiggling motion of the
magnetic moments, appears static on the neutron-scattering
timescale,19 i.e., at ν > 10GHz, while it is in fact dynamical at MHz
frequencies. The phenomenon is driven by sizable exchange
anisotropy, which prevails in a ﬁnite temperature range where it
stabilizes the dynamical spin-stripe phase that hosts an extraordin-
ary type of excitation, driven by the fourth-order coupling term in
the magnetic free energy. Our discovery draws attention to other
frustrated spin-1/2 chain compounds with complicated and
unresolved magnetic phase diagrams,52,53 where similar effects
may be anticipated to play a role. Finally, more details of the
wigglon excitation, such as their dependence on the applied
magnetic ﬁeld, should be explored by complementary nuclear-
magnetic-resonance measurements that are highly sensitive to spin
dynamics in the relevant MHz range even in a sizable applied
magnetic ﬁeld.
METHODS
Sample description
The single-crystal samples were grown from TeO2 and VO2 powders by
chemical vapor transport reaction, using two-zone furnace and TeCl4 as a
transport agent, as explained in ref. 19. Powder samples were obtained by
grinding single-crystal samples.
μSR experiments
The experiments were performed on the MuSR instrument at the STFC ISIS
facility, Rutherford Appleton Laboratory, United Kingdom, and on the
General Purpose Surface-Muon instrument (GPS) at the Paul Scherrer
Institute (PSI), Switzerland. The measurements at PSI were performed in
zero-ﬁeld, while at ISIS a small longitudinal ﬁeld of 4 mT was applied to
decouple the muon relaxation due to nuclear magnetism at long times.
The dead time at the GPS instrument is ~0.01 μs, whereas its is ~0.1 μs at
the MuSR instrument. For details on background subtraction (see
Supplementary information, which also includes refs. 27–31).
Fig. 4 Wigglon excitation. a Schematic dispersion relations for individual gapless phasons corresponding to σk and σk+Δk (dotted lines), as
well as for the gaped two-phason bound wigglon excitation (solid line). b Schematic representation of the magnetic order in the spin-stripe
phase, decomposed into two orthogonal magnetic components (green and violet arrows) and summed together (magenta arrows), for the
two decoupled phason modes (left) and for the two-phason bound wigglon excitation (right). Consecutive ﬁgures represent the time
evolution, while large arrows denote shifts of the central maximum (see simulations in Supplementary Videos 1 and 2). Note the uniform shifts
for decoupled phasons and nonuniform extensions/contractions induced by a wigglon. c The position, amplitude and orientation of the
marked maximum in the magnetic structure (thick black and magneta arrows in b) as a function of time for decoupled phason excitations
(left) and a wigglon excitation (right)
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Neutron diffraction
Neutron diffraction measurements were performed on a 2 × 3 × 4mm3
single-crystal on the triple-axis-spectrometer TASP at PSI. To assure the
maximal neutron ﬂux the wavelength of 3.19 Å was chosen for the
experiment. An analyzer was used to reduce the background, while the
standard ILL orange cryostat was used for cooling.
DATA AVAILABILITY
The data that support the ﬁndings of this study will be available via https://doi.
org/10.15128/r1h989r325b or from the corresponding author upon reasonable
request.
ACKNOWLEDGEMENTS
We thank T. Lancaster for fruitful discussions and valuable comments. We are grateful
for the provision of beam time at the Science and Technology Facilities Council
(STFC) ISIS Facility, Rutherford Appleton Laboratory, UK, and SμS, Paul Scherrer
Institut, Switzerland. This work has been funded by the Slovenian Research Agency
(project J1-9145 and program No. P1-0125), the Swiss National Science Foundation
(project SCOPES IZ73Z0_152734/1) and the Croatian Science Foundation (project IP-
2013-11-1011). This research project has been supported by the European
Commission under the 7th Framework Programme through the “Research
Infrastructures” action of the “Capacities’ Programme” NMI3-II Grant number
283883, Contract No. 283883-NMI3-II. M.G. is grateful to EPSRC (UK) for ﬁnancial
support (grant No. EP/N024028/1). We are grateful to M. Enderle for local support at
Institut Laue-Langevin, Grenoble, France.
AUTHOR CONTRIBUTIONS
M.P., A.Z. and D.A. designed and supervised the project. The samples were
synthesized by H.B. The μSR experiments were performed by A.Z., M.G., H.L. and
F.C. and analyzed by M.P., M.G. and A.Z. The neutron diffraction experiments were
performed by M.P., O.Z. and J.S.W. and analyzed by M.P. The dielectric experiments
were performed by T.I. and D.R.G. All authors contributed to the interpretation of the
data and to the writing of the manuscript.
ADDITIONAL INFORMATION
Supplementary information accompanies the paper on the npj Quantum Materials
website (https://doi.org/10.1038/s41535-019-0160-5).
Competing interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.
REFERENCES
1. Nakajima, S., Toyozawa, Y. & Abe, R. The Physics of Elementary Excitations. Springer
Series in Solid-state Sciences. (Springer-Verlag, New York, NY, 1980.
2. Pines, D. Emergent behavior in strongly correlated electron systems. Rep. Prog.
Phys. 79, 092501 (2016).
3. Frenkel, J. On the transformation of light into heat in solids. I. Phys. Rev. 37, 17
(1931).
4. Balents, L. Spin liquids in frustrated magnets. Nature 464, 199 (2010).
5. Blanco, J. A. et al. Phasons, amplitude modes, and spin waves in the amplitude-
modulated magnetic phase of PrNi2Si2. Phys. Rev. B 87, 104411 (2013).
6. Bloch, F. Zur theorie des ferromagnetismus. Z. Phys. 61, 206–219 (1930).
7. Jain, A. et al. Higgs mode and its decay in a two-dimensional antiferromagnet.
Nat. Phys. 13, 633 (2017).
8. Torrance, J. B. & Tinkham, M. Excitation of multiple-magnon bound states in
CoCl2.2H2O. Phys. Rev. 187, 595–606 (1969).
9. Parker, C. V. et al. Fluctuating stripes at the onset of the pseudogap in the high-Tc
superconductor Bi2Sr2CaCu2O8+x. Nature 468, 677–680 (2010).
10. Fernandes, R. M., Chubukov, A. V. & Schmalian, J. What drives nematic order in
iron-based superconductors? Nat. Phys. 10, 97–104 (2014).
11. Fradkin, E., Kivelson, S. A. & Tranquada, J. M. Colloquium: theory of intertwined
orders in high temperature superconductors. Rev. Mod. Phys. 87, 457 (2015).
12. Wang, Q. et al. Strong interplay between stripe spin ﬂuctuations, nematicity and
superconductivity in FeSe. Nat. Mater. 15, 159 (2016).
13. Klauss, H.-H. μSR studies of the interplay of magnetic spin stripe order with
superconductivity in transition metal oxides. Phys. C. 481, 101–114 (2012).
14. Kivelson, S. A. et al. How to detect ﬂuctuating stripes in the high-temperature
superconductors. Rev. Mod. Phys. 75, 1201 (2003).
15. Vojta, M. Lattice symmetry breaking in cuprate superconductors: stripes,
nematics, and superconductivity. Adv. Phys. 58, 699–820 (2009).
16. Anissimova, S. et al. Direct observation of dynamic charge stripes in La2−xSrxNiO4.
Nat. Commun. 5, 3467 (2014).
17. Savina, Y. et al. Magnetic properties of the antiferromagnetic spin-1/2 chain
system β-TeVO4. Phys. Rev. B 84, 104447 (2011).
18. Gnezdilov, V. et al. Low-dimensional magnetism of spin-1/2 chain systems of α-
and β-TeVO4: A comparative study. Low. Temp. Phys. 38, 559–569 (2012).
19. Pregelj, M. et al. Spin-stripe phase in a frustrated zigzag spin-1/2 chain. Nat.
Commun. 6, 7255 (2015).
20. Savina, Y. O. et al. A study of the magnetic properties of a quasi-one-dimensional
magnet β-TeVO4 in the frame of the J1–J2 model. Low. Temp. Phys. 41, 659–661
(2015).
21. Weickert, F. et al. Magnetic anisotropy in the frustrated spin-chain compound β-
TeVO4. Phys. Rev. B 94, 064403 (2016).
22. Pregelj, M. et al. Exchange anisotropy as mechanism for spin-stripe formation in
frustrated spin chains. Phys. Rev. B 94, 081114 (2016).
23. Pregelj, M. et al. Coexisting spinons and magnons in frustrated zigzag spin-1/2
chain compound β-TeVO4. Phys. Rev. B 98, 094405 (2018).
24. Sudan, J., Lüscher, A. & Läuchli, A. M. Emergent multipolar spin correlations in a
ﬂuctuating spiral: The frustrated ferromagnetic spin-1/2 Heisenberg chain in a
magnetic ﬁeld. Phys. Rev. B 80, 140402 (2009).
25. Hikihara, T., Kecke, L., Momoi, T. & Furusaki, A. Vector chiral and multipolar orders
in the spin-1/2 frustrated ferromagnetic chain in magnetic ﬁeld. Phys. Rev. B 78,
144404 (2008).
26. Yaouanc, A. & Dalmas de Reotier, P. Muon Spin Rotation, Relaxation, and Reso-
nance: Applications to Condensed Matter. International series of monographs on
physics 147 (Oxford University Press, Oxford, 2011).
27. Harris, E. A. & Owen, J. Biquadratic exchange between Mn2+ ions in MgO. Phys.
Rev. Lett. 11, 9 (1963).
28. Bencini, A. & Gatteschi, D. Electron Paramagnetic Resonance of Exchange Coupled
Systems (Springer Science & Business Media, Berlin Heidelberg, 2012).
29. Zou, T. et al. Up-up-down-down magnetic chain structure of the spin-1/2 tetra-
gonally distorted spinel GeCu2O4. Phys. Rev. B 94, 214406 (2016).
30. Wang, K. F., Liu, J.-M. & Ren, Z. F. Multiferroicity: the coupling between magnetic
and polarization orders. Adv. Phys. 58, 321–448 (2009).
31. Cochran, W. Crystal stability and the theory of ferroelectricity part II. Piezoelectric
crystals. Adv. Phys. 10, 401–420 (1961).
32. Pregelj, M. et al. Persistent spin dynamics intrinsic to amplitude-modulated long-
range magnetic order. Phy. Rev. Lett. 109, 227202 (2012).
33. Johnston, D. C. Stretched exponential relaxation arising from a continuous sum of
exponential decays. Phys. Rev. B 74, 184430 (2006).
34. De Reotier, P. D. et al. Spin dynamics and magnetic order in magnetically fru-
strated Tb2Sn2O7. Phys. Rev. Lett. 96, 127202 (2006).
35. Lake, B., Tennant, D. A., Frost, C. D. & Nagler, S. E. Quantum criticality and uni-
versal scaling of a quantum antiferromagnet. Nat. Mater. 4, 329 (2005).
36. Katsura, H., Onoda, S., Han, J. H. & Nagaosa, N. Quantum theory of multiferroic
helimagnets: collinear and helical phases. Phys. Rev. Lett. 101, 187207
(2008).
37. Nersesyan, A. A., Gogolin, A. O. & Eßler, F. H. L. Incommensurate spin correlations
in spin-1/2 frustrated two-leg Heisenberg ladders. Phys. Rev. Lett. 81, 910
(1998).
38. Furukawa, S., Sato, M. & Onoda, S. Chiral order and electromagnetic dynamics in
one-dimensional multiferroic cuprates. Phys. Rev. Lett. 105, 257205 (2010).
39. Hüvonen, D. et al. Magnetic excitations and optical transitions in the multiferroic
spin-1/2 system LiCu2O2. Phys. Rev. B 80, 100402 (2009).
40. Sato, M., Hikihara, T. & Momoi, T. Spin-nematic and spin-density-wave orders in
spatially anisotropic frustrated magnets in a magnetic ﬁeld. Phys. Rev. Lett. 110,
077206 (2013).
41. Nishimoto, S., Drechsler, S.-L., Kuzian, R., Richter, J. & van den Brink, J. Interplay of
interchain interactions and exchange anisotropy: stability and fragility of multi-
polar states in spin-1/2 quasi-one-dimensional frustrated helimagnets. Phys. Rev.
B 92, 214415 (2015).
42. Weichselbaum, A. & White, S. R. Incommensurate correlations in the anisotropic
triangular Heisenberg lattice. Phys. Rev. B 84, 245130 (2011).
43. Han, J. H. Skyrmions in Condensed Matter Springer Tracts in Modern Physics 278
(Springer, Cham, 2017).
44. Zang, J., Mostovoy, M., Han, J. H. & Nagaosa, N. Dynamics of skyrmion crystals in
metallic thin ﬁlms. Phys. Rev. Lett. 107, 136804 (2011).
45. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic sky-
rmions. Nat. Nanotechnol. 8, 899 (2013).
46. Pimenov, A. et al. Possible evidence for electromagnons in multiferroic manga-
nites. Nat. Phys. 2, 97 (2006).
M. Pregelj et al.
6
npj Quantum Materials (2019)    22 Published in partnership with Nanjing University
47. Mochizuki, M. & Seki, S. Dynamical magnetoelectric phenomena of multiferroic
skyrmions. J. Phys. Condens. Matter 27, 503001 (2015).
48. Lancaster, T. et al. Stripe disorder and dynamics in the hole-doped anti-
ferromagnetic insulator La5/3Sr1/3CoO4. Phys. Rev. B 89, 020405 (2014).
49. Kecke, L., Momoi, T. & Furusaki, A. Multimagnon bound states in the frustrated
ferromagnetic one-dimensional chain. Phys. Rev. B 76, 060407 (2007).
50. Nawa, K. et al. Dynamics of bound magnon pairs in the quasi-one-dimensional
frustrated magnet LiCuVO4. Phys. Rev. B 96, 134423 (2017).
51. Overhauser, A. W. Observability of charge-density waves by neutron diffraction.
Phys. Rev. B 3, 3173–3182 (1971).
52. Willenberg, B. et al. Complex ﬁeld-induced states in Linarite PbCuSO4(OH)2 with a
variety of high-order exotic spin-density wave states. Phys. Rev. Lett. 116, 047202
(2016).
53. Bush, A. A. et al. Exotic phases of frustrated antiferromagnet LiCu2O2. Phys. Rev. B
97, 054428 (2018).
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2019
M. Pregelj et al.
7
Published in partnership with Nanjing University npj Quantum Materials (2019)    22 
